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ABSTRACI

,j-Cyanoalanine synthase, which catalyzes the reaction between cys-
teine and HCN to form 6-cyanoalanine and H2S, was assayed in leaf
tissues from cyanogenic (Sorghum bicolor x Sorgkum sudawease
[sorghum]) and noncyanogenic (Pisum sativum Ipeal Zea mays [maizel,
and Allium porrum Pleek]) plants. The activity in whole kaf extracts
ranged from 33 nanomoles per gram fresh weight per minute in leeks, to
1940 nanomoles per gram fresh weight per minute in sorghum. The
specific activities of 6-cyanoalanine synthase in epidermal protoplasts
from maize and sorghum and in epidermal tissues from peas were in each
case greater than the corresponding values for mesophyll protoplasts or
tissues, or for strands of bundle sheath cells.
The tissue distributions for this enzyme were determined for pea, leek,

and sorghum: the mesophyll protoplasts and tissues in these three plants
contained 65% to 78% of the enzyme, while epidermal protoplasts and
tissues contained 10% to 35% of the total leaf activity. In sorghum, the
bundle sheath strands contained 13% of the leaf activity. The presence
of,-cyanoalanine synthase in all tissues and species studied suggests a
fundamental role for this enzyme in plant metabolism.

13-Cyanoalanine synthase (EC 4.4.1.9), which catalyzes the
reaction between cysteine and HCN to form (l-cyanoalanine and
H2S (4), is widely distributed in higher plants (4, 11, 16). Al-
though the enzyme has been purified and its kinetic properties
examined (1, 12), its role(s) in plant metabolism have not yet
been defined (see 8 for review). ,3-Cyanoalanine hydratase (EC
4.2.1.65) catalyzes the hydration of (B-cyanoalanine to form
asparagine (6). The sequential action of these two enzymes
constitutes an effective mechanism for detoxifying HCN while
conserving the nitrogen atom in the form of amide nitrogen.
Such a role for these enzymes in cyanide detoxification is sup-
ported by studies (4, 5, 17) showing that gaseous, '4C-labeled
HCN is incorporated in high yields into asparagine when admin-
istered to either cyanogenic or noncyanogenic species. In addi-
tion, experiments demonstrating the detoxification ofHCN pro-
duced in vivo during the metabolic turnover of cyanogenic
glycosides in Lotus sp., Nandina domestica, and Manihot utilis-
sima have been described (2, 3, 17). Asparagine synthesis in
Asparagus officinalis has also been attributed to this two-step
metabolic sequence (9), but the source of the HCN required as a
substrate was not identified.

Recent studies by Peiser et aL (19) have provided evidence for
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the formation of '4CN- from [1-'4C]-l-aminocyclopropane-l-
carboxylic acid ([l-'4C]ACC) during its conversion to ethylene
in vivo. The radioactivity liberated during the metabolism of [1-
'4C]ACC was converted in 62% yield to asparagine. HCN and
fl-cyano-L-alanine presumably were intermediates in the conver-
sion. This important observation makes desirable more infor-
mation regarding the localization of,B-cyanoalanine synthase in
plants. We report here the tissue localization of this enzyme in
leaves from one species, sorghum, which contains a cyanogenic
glycoside, and from three species, peas, maize, and leeks, which
do not.

MATERIALS AND METHODS

Chemicals and Buffers. Cellulysin and Macerase were pur-
chased from Calbiochem; all other biochemicals were from
Sigma. The buffer used for preparation of cell-free extracts
consisted of 50 mM Tris-HCl (pH 8.0) with 1% PVP-40, 10 mm
2-mercaptoethanol, and 0.01 % Triton X-100.

Plant Materials. Seeds of Zea mays (var Golden Hybrid
Blend), Pisum sativum, Argentum mutant (15), and a sorghum
(Sorghum bicolor [L.] Moench)-sudan grass (S. sudanense [Piper]
Stapf) hybrid (cv WAC Forage 99) were soaked in aerated water
at room temperature. Sorghum and maize were planted in water-
saturated vermiculite; peas were planted in soil. Seeds were
germinated under a light/dark regime under conditions previ-

Table I. Distribution of#-Cyanoalanine Synthase Activity in Leaf
Tissues ofLeek

Results are the means of three separate experiments.
Tissue Activity (nmol/min)

lmgprtein /gfresh /gfresh
/mgprotein wt tissue' wt leaf"

Outer epidermis 12 120 3.2
Inner epidermis 10 94 2.2
Mesophyll 12 24 19
Whole leaf 11 32 32

'Activity in 1 g of the tissue indicated.
" Activity in the tissue indicated which could be isolated from I g fresh

weight of leaf.

Table II. Distribution of#-Cyanoalanine Synthase Activity in Leaf
Tissues ofPea

Results are the means of two separate experiments.
Tissue Activity (nmol/min)

lmg protein /gfresh /gfresh
wt tissue8 wt leaf

Upper epidermis 55 610 18
Lower epidermis 23 150 1 1
Mesophyll 5.4 120 54
Whole leaf 3.8 66 66

' See footnotes in Table I.
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Table III. Distribution of,3-Cyanoalanine Synthase Activity in Leaf
Tissues ofSorghum

Results are the means of six separate experiments.
Tissue Activity (nmol/min)

/106 cells lmg protein lmg Chi wt leafa
Epidermal pro- 35 183 129

toplasts
Mesophyll pro- 32 102 756 1050

toplasts
Bundle-sheath 48 473 186

strands
Whole leaf 75 1560 1940

'Calculated from the relative Chl contents of mesophyll and bundle-
sheath tissues, as determined by quantitative recovery of total leaf Chl
from these tissues and from the ratio of mesophyll to epidermal cells in
sorghum leaf blades ( 13).

Table IV. Distribution off3-Cyanoalanine Synthase Activity in Leaf
Tissues ofMaize

Results are the means of two separate experiments.
Tissue Activity (nmol/min)

/106 cells /mg protein /mg Chi /gfresh
wt leaf

Epidermal pro- 32 300
toplasts

Mesophyll pro- 21 37 260
toplasts

Bundle-sheath 65 790
strands

Whole leaf 44 570 530

ously described (22).
Sorghum seedlings were harvested at 5.5 d after planting and

were 3 to 7 cm tall with two expanded leaves. Maize seedlings
were 7 d old at harvest. Fully expanded pea leaves were removed
from 20- to 30-d-old plants. Leeks (Allium porrum) were ob-
tained from a local market.

Epidermal and Mesophyll Tissues of Peas and Leeks. Both
adaxial and abaxial epidermal layers were peeled from the mes-
ophyll layer of leaves ofpeas and leeks. Epidermal and mesophyll
tissues were weighed and immediately frozen in liquid nitrogen,
homogenized in Tris buffer, and desalted by rapid centrifugation
through Sephadex G-25 which was equilibrated with the identical
buffer.

Epidermal and Mesophyll Protoplasts and Bundle Sheath
Strands from Sorghum and Maize. Abraded sorghum seedling
leaf blades (13) and transversely cut segments of the second
leaves of maize seedlings (10) were digested enzymically to yield
a mixture of mesophyll and epidermal protoplasts (13). Epider-
mal and mesophyll protoplasts were purified by a Ficoll density
gradient (Wurtele and Nikolau, unpublished). Epidermal proto-
plasts were collected from the O%/7% interface. Cross-contami-
nation between epidermal and mesophyll protoplasts was mon-
itored by microscopic examination using a hemocytometer (13).
Bundle sheath strands were isolated by a sedimentation/flotation
procedure (13). Protoplasts were lysed with 50 mm Tris buffer.
Whole leaves and bundle sheath strands were frozen in liquid
nitrogen and homogenized in the Tris buffer. All samples were
immediately centrifuged through Sephadex G-25 columns, equil-
ibrated with Tris buffer, to remove small molecules.

i6-Cyanoalanine Synthase Assays. Cell-free extracts were as-
sayed immediately after passage through Sephadex G-25, or were
frozen in liquid nitrogen in small aliquots which were thawed as
needed. Enzyme activity was not altered by rapid freezing in
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FIG. 1. Distribution of (-cyanoalanine synthase activity in leaves. 1l-
Cyanoalanirie synthase activity was compared in epidermal and meso-
phyll tissues from leeks and peas, and in epidermal and mesophyll
protoplasts and bundle-sheath strands from maize and sorghum. Distri-
bution of 8-cyanoalanine synthase is presented as per cent of total leaf
activity. For comparison, specific activites are also shown.

liquid nitrogen. ,B-Cyanoalanine synthase activity was deter-
mined colorimetrically by measuring the reduction of methylene
blue by the H2S released from cysteine (4). Identical assays
lacking enzyme, lacking substrate, and containing boiled enzyme
were used as controls. Assays for the different plant species and
tissues were linear with respect to time and substrate concentra-
tion. Triton X-100 (0.01 %) in the assay did not affect ,B-cyanoal-
anine synthase activity.

Relative Chl levels in mesophyll and bundle-sheath tissues in
sorghum leaves were determined by comparing the Chl content
of whole leaves and of mesophyll protoplasts and bundle-sheath
strands following the quantitative digestion of sorghum leaves
(Wurtele and Nikolau, unpublished).

RESULTS AND DISCUSSION

,B-Cyanoalanine synthase activities in leafextracts ranged from
33 nmol - min' g-' fresh weight for leeks to 1940 nmol * min-'-
g ' fresh weight for sorghum (Tables I-IV). The value for
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,-CYANOALANINE SYNTHASE

amino acids

-cyanoalanine asparagine

sorghum is similar to that reported in previous experiments with
etiolated sorghum shoots ( 13).

,B-Cyanoalanine synthase activities were determined in extracts
prepared from mesophyll (containing vascular strands) and epi-
dermal tissues from leek (Table I) and pea leaves (Table II) and
in mesophyll protoplasts, epidermal protoplasts, and bundle-
sheath strands isolated from leaves of sorghum (Table III) and
maize (Table IV). It should be noted that, for these two latter
species, f3-cyanoalanine synthase activity in guard cells and in
extracellular material, other than that associated with bundle
sheath strands, could not be measured except as part of the
whole-leaf extract.

,B-Cyanoalanine synthase activity was found in all leaf tissues
examined (Table I-IV). Because of the differences in the protein
and Chl content among the tissues of the four species, the data
are presented on the three bases ofprotein, Chl, and fresh weight.
The experimentally observed distribution of,B-cyanoalanine

synthase in the different leaf tissues could be markedly different
from the true distribution ifthere are tissue-specific factors which
inhibit or activate the enzyme. To discount these possibilities,
we prepared whole-leaf extracts following quick freezing of the
leaf in liquid nitrogen. The activities (on the basis of either
protein, Chl, or fresh weight) of ,3-cyanoalanine synthase of the
whole-leaf extracts were intermediate between the activities of
the separated tissues (Tables I-IV). In leaves of sorghum, pea,
and leek, we could calculate the contribution each separated
tissue makes to the total activity of the enzyme in the leaf. The
sums of the activities in the different tissues are similar to those
obtained for the activity in the whole-leaf extracts (Tables I-III).
These two findings strongly suggest the lack ofselective inhibition
or activation of ,3-cyanoalanine synthase in any of the tissues
examined.
The epidermal tissue of pea (Table II) and isolated epidermal

protoplasts from sorghum (Table III) and maize (Table IV)
contained higher activities of,3-cyanoalanine synthase (on the
basis of protein and fresh weight) than the other tissues of these
leaves. This suggests a greater requirement for this enzyme in
epidermal tissues of these leaves, possibly reflecting the relative
capacity for cyanide production in this tissue.

Tissue distribution of f3-cyanoalanine synthase activity were
determined for leaves of leeks, peas, and sorghum (Fig. 1). The
mesophyll tissue in these species contained the bulk of the ,B-
cyanoalanine synthase activity in the leaf, reflecting in part the
greater number ofmesophyll cells per leaf. The specificity activity
of the enzyme in different tissues of the four species is given for
comparison.

In sorghum leaves, the occurrence of,-cyanoalanine synthase
activity in all three major leaf tissues contrasts with the com-
partmentation ofcyanogenic glycoside metabolism. Dhurrin and

FIG. 2. Pathways of cyanide metabo-
lism demonstrated in higher plants.

the majority of the UDP-glucose:aldehyde cyanohydrin (l-glu-
cosyl transferase activity are located in the epidermal protoplasts
(13, 22) while the ,3-glucosidase specific for dhurrin hydrolysis is
in the mesophyll protoplasts (13, 21). Upon leaf injury, dhurrin
is hydrolyzed and HCN is released. If a primary role of (l-
cyanoalanine synthase in sorghum is detoxification, this enzyme
would be required by all cell types because of the gaseous nature
of the large amounts of HCN which are released upon dhurrin
hydrolysis.
The ubiquitous nature of f3-cyanoalanine synthase, as dem-

onstrated by in vivo (2, 3, 5) and in vitro studies (4, 9, 16, and
this paper), implies that HCN is produced more widely in plants
than has previously been recognized. Several sources ofHCN in
higher plants have previously been described (Fig. 2). More than
2,000 plant species from a wide variety of plant families and
genera (7) are known which accumulate amino acid-derived
cyanogenic glycosides. Other plant species, which do not accu-
mulate cyanogenic glycosides but synthesize labile cyanohydrins
from amino acids, are known (3, 18). The recent discoveries of
the release of HCN during ethylene biosynthesis from 1-amino-
cyclopropane 1-carboxylic acid (19), and the conversion in vitro
of glyoxylate and hydroxylamine to cyanide (20), provide two
additional examples of pathways resulting in cyanide biosyn-
thesis in plants.

In vivo involvement of cyanide in the regulation of plant
metabolic processes has rarely been postulated (20), although the
in vitro effects of cyanide are well known. For example, cyanide-
resistant respiration is a pathway induced both by endogenous
cyanide and exogenous ethylene (14). An examination of the
relationship between cyanide formation, ethylene formation, j3-
cyanoalanine synthase activity and cyanide-resistant respiration
might clarify some of the ambiguities (14) associated with the
function of this alternative respiratory pathway.
We suggest that the role ofHCN and f3-cyanoalanine synthase

in plant metabolism may be more extensive than has previously
been considered.
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